Semiselective heteronuclear cross-polarization for achieving coherence transfer between a spin I ϭ 1 2 scalar coupled to a spin Sу 1 2 in isotropic solution is considered. The expansion of the density operator as products of irreducible tensor operators provides a compact formalism for describing cross-polarization involving scalar coupled quadrupolar nuclei. An analytical description of cross-polarization is presented in the limit of strong radio-frequency ͑rf͒ fields, with respect to the scalar-coupling constant. Numerical simulations show that reducing the rf field amplitudes does not have a detrimental effect on the efficiency of the transfer provided they are comparable to or greater than the scalar-coupling constant. The use of weak rf fields largely circumvents the reduced efficacy due to Hartmann-Hahn mismatch. Applications of the method for selective observation of scalar-coupled quadrupolar nuclei are considered and experimental results are presented for a mixture of beryllium fluoride complexes.
I. INTRODUCTION
Quadrupolar nuclei are becoming increasingly important in a wide variety of applications. The study of relaxation and exchange processes involving quadrupolar nuclei 1 in both the laboratory [2] [3] [4] and rotating frames 5, 6 has yielded a wealth of information on molecular motions. This has yielded novel insights into ordered environments in biological systems. 7, 8 Quadrupolar nuclei are being increasingly recognized as useful spin probes in magnetic resonance imaging, 9, 10 and for studying surface properties of porous media. 11 The ability to transfer coherences between different nuclei in homo-and heteronuclear spin systems is one of the cornerstones of nuclear magnetic resonance ͑NMR͒. 12 The transfer of polarization from Iϭ 1 2 to enhance the signal of low-gyromagnetic ratio Sϭ 1 2 nuclei has become routine. In solution state the majority of these methods employ freeprecession type techniques such as INEPT 13 ͑insensitive nucleus enhancement by polarization transfer͒ where polarization transfer from one spin to another is mediated via the scalar coupling. The majority of these techniques are designed for spin-half systems and have shown particular utility in the study of structure and dynamics of biomolecules labeled with 13 C and 15 N. The use of INEPT for achieving polarization transfer in systems of scalar coupled quadrupolar nuclei has also been investigated. 14, 15 An alternative class of experiments employ cross-polarization 16 to transfer coherence between two species. Widely used in solid state NMR, the transfer is driven by the dipolar coupling. This is usually carried out under magic angle sample spinning conditions and a number of techniques have been proposed to improve the efficiency of cross-polarization ͑CP͒ under these conditions, including amplitude modulation, 17, 18 frequency modulation, 19 or ramping the rf fields adiabatically through the Hartmann-Hahn condition. 20, 21 Important applications of CP include heteronuclear correlation experiments 22 and the measurement of internuclear distances. 23 Cross-polarization has also been shown to be applicable for coherence transfer in solution state, where the dipolar interaction is motionally averaged to zero. The transfer is therefore usually driven by the scalar coupling interaction, 24 -27 and in some circumstances by the interaction with the rf fields. 28, 29 The scalar coupling is in general at least two orders of magnitude smaller than the dipolar interaction rendering the method susceptible to rf mismatch. Cross-polarization in solution state is therefore a less attractive method than its free precession counterparts. Methods developed for mismatch compensation in the solid state 30 have been shown to be applicable to solution state NMR. 31 It has recently been shown that employing rf fields whose amplitudes are of the same order as the scalar coupling interaction can largely circumvent this obstacle. 32 The use of weak rf fields makes cross-polarization an ideal tool for selective experiments in both solution 33 and solid state. 34 In this paper we consider the possibility of achieving coherence transfer in a scalar-coupled two-spin system IS in isotropic solution under the influence of continuous-wave ͑cw͒ radio-frequency fields where Iϭ A theoretical framework in the limit of strong rf fields is presented. The use of weak rf field amplitudes that are at least of the same order as the scalar-coupling constant does not have a detrimental effect on the efficiency of the transfer and reduces the sensitivity to Hartmann-Hahn mismatch, in analogy with spin-half systems. Cross-polarization is shown to be a useful tool for enhancing the sensitivity to detection of low-gyromagnetic ratio quadrupolar nuclei. Experimental rea͒ Author to whom all correspondence should be addressed: Electronic mail: p.kuchel@mmb.usyd.edu.au sults are presented for complexes of beryllium fluoride in isotropic solution.
II. HETERONUCLEAR COHERENCE TRANSFER
We first outline the analytical procedures for predicting the transfer functions for cross-polarization between two scalar-coupled spins I and S. The mechanism of crosspolarization for Iϭ The following discussion is limited to isotropic solution where rotational reorientation averages the quadrupolar interaction to zero. However this may not be the case for anisotropic motion, such as in liquid-crystal solvents, and partially aligned bicelle solutions, where the dynamics of crosspolarization will be influenced by the presence of a residual quadrupolar interaction. These effects are not considered further here. Throughout the following discussion relaxation will be neglected. Figure 1 shows the pulse sequence that can be used to achieve cross-polarization between I and S. A(/2) y pulse applied to the I spins prepares an initial state of I x transverse magnetization. Coherence transfer is achieved by applying two simultaneous rf fields.
In the presence of two cw rf fields that are on-resonance for the selected I and S spins the Hamiltonian in the doublyrotating frame ͑R͒ may be written as
The rf intensities ͑expressed in frequency units͒ are given by 1 I ϭϪ␥ I B 1 I and 1 S ϭϪ␥ S B 1 S . The scalar-coupling constant is denoted by J IS .
The evolution of any spin system under the influence of a given time-independent Hamiltonian is given by the solution to the Liouville-von Neumann equation, 12 and can always be solved numerically. However to gain a more physical insight an analytical approach is desirable. Coherence transfer functions can be derived for any initial and final operators A and B given by
where the propagator is given by U()ϭexp (ϪiH) . The success of this approach therefore relies on the ability to calculate this latter matrix exponential of the Hamiltonian. It proves convenient to tilt the frame of reference by 90°a bout the Ϫy axis. Thus the expression for the rotating tilted frame Hamiltonian ͑RT͒ becomes,
The evolution function of the density operator for a system of two spins- 
For very strong rf fields (2 1 ӷJ IS ) we may neglect the oscillating components in Eq. ͑4͒ by invoking the secular approximation, to give
We turn our attention to the mechanism of crosspolarization for SϾ 1 2 . It is important to note that although the above-mentioned Hamiltonian has been derived in the basis of Cartesian operators it is completely general for scalar coupled IS systems where Iϭ 1 2 and SϾ 1 2 . The Cartesian product operator formulism does not provide a particularly intuitive description of coupling to quadrupolar nuclei. To proceed we recast the density operator as products of irreducible tensor operators, as follows.
IV. IRREDUCIBLE TENSOR OPERATORS
To calculate the coherent evolution of a given operator under the influence of a particular Hamiltonian it is necessary to express the density matrix in terms of a suitable orthonormal basis set. For a single spin-half nucleus the most convenient representation is in terms of Cartesian spin operators I x , I y , and I z , with the half-identity operator than one spin the density operator is expanded as direct products of these single spin operators. 12 The density operator may also be recast in terms of shift operators and polarization operators that in turn lead to the more general notion of single-transition operators. 36, 37 These provide a particularly elegant description of selective experiments in complicated spin systems. The product operator basis for a general spin can be extended for IϾ 1 2 although the manipulation of such expressions is not intuitive. An alternative description that proves more convenient in the description of multiplequantum NMR of Iу 1 2 is to expand the density operator in terms of irreducible tensors [38] [39] [40] given by
where T lp S is an irreducible tensor operator of rank l (l ϭ0,1,...,2S) and coherence order p (pϭϪl,Ϫlϩ1,...,ϩl). The Cartesian basis of product operators, and rotations thereof, can be interpreted in terms of vectors. The rotational properties of tensor operators are the same as those of their corresponding spherical harmonics. The matrix representations of these tensor operators are well established. The definitions and corresponding normalization factors employed throughout this work are those of Müller et al. 40 The representation of the Hamiltonian, whilst quite general for any spin, has been cast in terms of Cartesian operators. To proceed we must recast the representation of the Hamiltonian in terms of spherical tensor operators. The relationship between these tensor operators and their Cartesian counterparts are as follows.
The identity operator is given by
where 0 ϭͱ2,ͱ3,ͱ4 for Iϭ 
For single-quantum coherences the notation of the phase as x and y is chosen due to the direct correspondence with Cartesian operators. For higher-order coherences the phase is not immediately obvious and there is no simple correspondence with the Cartesian axes. For p 0 it is useful to define a Hermitian density operator component as
Explicit inclusion of the phase in the term on the left-hand side yields a particularly convenient notation for the description of higher-order coherences.
For an isolated spin-1 2 the complete basis set is represented by the four tensor operators: T 00 ͑identity͒, T 10 ͑Zee-mann order͒, T 11,0 and T 11,/2 ͑rank-one, single quantum coherences͒. For an isolated spin 1 the complete basis set is composed of nine tensor operators. In addition to the previous four operators one requires: T 20 ͑quadrupolar order͒, T 21,0 and T 21,/2 ͑rank-two, single quantum coherences͒, T 22,0 and T 22,/4 ͑rank-two, double quantum coherences͒. For an isolated spin 3 2 the complete basis set is composed of 16 tensor operators. In addition to the previous nine operators we require: T 30 ͑octopolar order͒, T 31,0 and T 31,/2 ͑rank-three, single quantum coherences͒, T 32,0 and T 32,/4 ͑rank-three, double quantum coherences͒, T 33,0 and T 33,/6 ͑rank-three, triple quantum coherences͒.
In complete analogy with the product operator description of Cartesian operators for coupled spin systems it has been shown that it is possible to represent the density operator as products of the irreducible tensor operators of each individual spin. For an IS spin system the density operator can be represented by
͑11͒
The matrix representation of a product of tensor operators can therefore be formed in the usual way as a direct product of the individual spin tensors
͑12͒
Employing direct products and the previously defined tensor operators we can derive matrix representations of the tilted rotating frame Hamiltonian in Eq. ͑5͒. The relevant components of the density operator can be derived in an analogous fashion. Matrix representations of Hamiltonian operators in the rotating tilted rotating ͑RTR͒ interaction frame of Eq. ͑5͒ can be derived by calculating direct products of the relevant tensor operators.
V. HETERONUCLEAR CROSS-POLARIZATION
For Iϭ 
͑14͒
Note that the Hamiltonian in Eq. ͑14͒ is block diagonal. The mechanism of cross-polarization for Iϭ 1 2 and Sϭ 1 2 in the limit of 2 1 ӷJ IS , corresponds to a rotation in the zero quantum subspace ͕͉2͘,͉3͖͘ while the double quantum subspace ͕͉1͘,͉4͖͘ remains invariant.
For exact Hartmann-Hahn match, 1 I ϭ 1 S ϭ 1 , and in the limit of strong field strengths the transfer function takes the following simple form:
The coherence transfer is driven by the scalar coupling with a maximum efficiency of ͗S z ͘(t)ϭ1 that occurs with the duration tϭJ IS Ϫ1 . Figure 2 shows simulations carried out for a two spin- 1 2 system. The solid lines correspond to the theoretical high rf field limit of Eq. ͑15͒. The dashed line is a numerical simulation for the transfer functions when the rf fields were set equal in amplitude to the scalar coupling. The dotted line corresponds to the transfer function under the influence of rf field amplitudes that were set much weaker than the scalar coupling. Note that the efficiency of the transfer rapidly decreases in the latter case as the two components of the IS doublet are no longer efficiently locked.
VI. HETERONUCLEAR CROSS-POLARIZATION FROM IÄ 1 2 to SÄ1
The matrix representation of the Hamiltonian operator in the RTR interaction frame of Eq. ͑5͒ for Iϭ 
͑17͒
Note again that the Hamiltonian matrix in Eq. ͑17͒ is block diagonal. The mechanism of cross-polarization for I ϭ 1 2 and Sϭ1 in the limit of 2 1 ӷJ IS corresponds to two independent rotations in the subspaces ͕͉2͘,͉4͖͘ and ͕͉3͘,͉5͖͘ whilst the subspace ͕͉1͘,͉6͖͘ remains invariant.
For exact Hartmann-Hahn match and in the limit of strong rf field strengths, the expectation value of the observable S spin coherence is given by system. The build-up of ͗S x ͘ is plotted as a function of the duration of cross-polarization for an initial density operator (0)ϭ͗I x ͘. The solid line corresponds to the strong rf field limit of Eq. ͑15͒ with an optimum duration of ϭ1/J IS . The dashed line corresponds to rf field strengths that are equal to the scalar-coupling constant 1 I /2ϭ 1 S /2ϭJ IS . The dotted line corresponds to rf field strengths that are much weaker than the scalar-coupling constant 1
The maximum transfer efficiency is ͗S x ͘(t)ϭ2/ ͱ6ϳ0.816
that occurs when the duration of cross-polarization is t ϭ(ͱ2J IS ) Ϫ1 . Figure 3 shows simulations carried out for a two-spin system Iϭ 1 2 , Sϭ1. The solid lines correspond to the theoretical high rf field limit of Eq. ͑18͒. The dashed line is a numerical simulation for the transfer functions when the rf fields were set equal in amplitude to the scalar coupling. The dotted line corresponds to the transfer function under the influence of rf field amplitudes that were set to be much weaker than the scalar coupling. Note that the efficiency of the transfer rapidly decreases in the latter case, as the three components of the I spin triplet and the two components of the S spin doublet are no longer efficiently locked.
Note also that 100% conversion from I x to S x is not achieved. In the case of Sϭ1 it is possible to transfer magnetization to higher rank coherences. This raises the interesting possibility of exciting higher-order coherences by crosspolarization. This will not be discussed in the current context. 
VII. HETERONUCLEAR CROSS-POLARIZATION

͑20͒
Note again that the Hamiltonian in Eq. ͑20͒ is block diagonal. The mechanism of cross-polarization for Iϭ 1 2 and Sϭ3/2 in the limit of 2 1 ӷJ IS corresponds to three independent rotations in the subspaces ͕͉2͘,͉5͖͘, ͕͉3͘,͉6͖͘ and ͕͉4͘,͉7͖͘ whilst the subspace ͕͉1͘,͉8͖͘ is invariant.
For exact Hartmann-Hahn match, and in the limit of high field strengths, the expectation value of the observable S spin coherence is given by
͑21͒
The maximum transfer efficiency is ͗S x ͘(t)ϳ0.663 that occurs when the duration of cross-polarization is t ϭ0.547/J IS . Figure 4 shows simulations carried out for a two-spin system consisting of Iϭ 1 2 , Sϭ3/2. The solid lines correspond to the theoretical high rf field limit of Eq. ͑21͒. The dashed line is a numerical simulation of the transfer functions when the rf fields are equal in amplitude to the scalar coupling. The dotted line corresponds to the transfer function under the influence of rf field amplitudes that are much weaker than the scalar coupling constant. Note again that the efficiency of the transfer rapidly decreases in the latter case as the four components of the I spin quartet and the two components of the S spin doublet are no longer efficiently locked.
Again the maximum efficiency is less than 100% for the conversion from I x to S x , due to the accessibility of higher rank coherences.
VIII. SENSITIVITY TO MISMATCH
The effect of rf mismatch on the efficiency of crosspolarization can be calculated by recasting Eq. ͑3͒ in the following form:
where the sum of the rf fields is ⌺ ϭ 1 I ϩ 1 S and the rf mismatch is ⌬ ϭ 1 I Ϫ 1 S . The Hamiltonian in Eq. ͑22͒ is recast in terms of the relevant direct products of tensor operators as previously.
The effect of rf mismatch, ⌬ , was investigated in Fig.  5 , for cross-polarization from Iϭ 1 2 to Sϭ3/2. The expectation value ͗S x ͘ for an optimum duration of tϭ0.547/J IS is plotted as a function of the sum of the rf field strengths, ⌺ . The solid line corresponds to a perfect Hartmann-Hahn match. The dashed and dotted lines correspond to a 10% and 20% mismatch, respectively, with respect to the sum of the rf field amplitudes. The curves converge for low rf field strengths, consequently cross-polarization becomes insensitive to rf mismatch. We note that for efficient transfer, the amplitude of the sum of the rf fields should be at least of the order of three times the scalar coupling constant, ⌺ /2 Ϸ3J IS . For field strengths that are very much greater than the scalar coupling constant, ⌺ /2ӷ3J IS , the transfer becomes susceptible to miscalibrated fields or to inhomogeneous fields in general.
The effect of rf mismatch in the case of a spin system Iϭ 1 2 and Sϭ 1 2 is qualitatively similar. 33 In this case however, to achieve maximum efficiency the sum of the rf fields should be at least of the order of the scalar-coupling constant, ⌺ /2ϷJ IS . In the case of a spin system Iϭ 1 2 and S ϭ1 maximum transfer efficiency is achieved when the sum of the rf fields is at least of the order of twice the scalar coupling constant, ⌺ /2Ϸ2J IS .
IX. CROSS-POLARIZATION IN MULTISPIN SYSTEMS I n S
The expansion of the density operator as direct products of tensor operators can be easily extended to describe polarization transfer in multispin systems I n S where nу1. For plotted as a function of the cross-polarization contact duration for an initial density operator (0)ϭI x . The intensity scale was normalized with respect to the maximum in the transfer function. The solid line, dotted line, dashed line, and dashed-dotted lines correspond to IS, I 2 S, I 3 S, and I 4 S spin systems, respectively. Note that while the transfer functions are qualitatively similar, the optimal duration of CP decreases as the number of coupling partners increases.
X. EXPERIMENTS
Beryllium fluoride complexes are an excellent test sample for a scalar coupled system Iϭ high sensitivity of fluorine and the relative insensitivity of beryllium yields a enhancement factor of 0.663 ␥ F /␥ Be ϭ4.45. Beryllium fluoride complexes are known to act as phosphate analogues that bind to adenosine diphosphate ͑ADP͒. 41 Fluoride complexes of beryllium and aluminum have been shown to activate a number of proteins, including G-proteins, microtubules, F-actin, and other phosphotransfer enzymes. [41] [42] [43] [44] Furthermore, they are know to give separate resonances from the intra-and extracellular spaces of human erythrocytes 45 and may therefore prove to be a useful probe of anisotropic local environments of the cytoplasm of red blood cells and other cell types.
An aqueous mixture of beryllium fluorides was prepared containing 100 mM NaF and 10 mM BeSO 4 . At these concentrations the major species are BeF 3 Ϫ and BeF 4 2Ϫ . All experiments were performed on a Bruker DRX 400 MHz spectrometer equipped with a broadband double-resonance probe, at 298 K. The 1 H channel was detuned to the 19 F resonance frequency ͑376.4 MHz͒ and the X nucleus tuned to 9 Be ͑56.2 MHz͒. The Hartmann-Hahn condition was calibrated by keeping one of the rf field amplitudes constant while the other was varied to achieve optimal transfer. The rf amplitudes employed were 1 F /2ϭ 1 Be /2Ϸ85 Hz, hence fulfilling the condition that the sum of the fields should be at least three times the scalar coupling constant. Figure 7 shows experimental trajectories for crosspolarization in BeF 4 2Ϫ . Closed and open circles correspond to rf field strengths of 170 and 85 Hz, respectively, and normalized with respect to the 170 Hz data. The carrier frequencies were positioned at the centers of the 9 Be quintet and the 19 F quartet. The dotted line is the result of evaluating the analytical expression for an IS spin system in Eq. ͑21͒ and yielded an optimum duration tϭ16.1 ms. The solid line corresponds to a numerical simulation for an I 4 S system and yielded an optimal CP contact duration of tϷ12 ms. The intensity scale was normalized with respect to the maximum transfer efficiency. Figure 8 shows spectra recorded for the abovementioned mixture of beryllium fluoride complexes. The conventional 19 F and 9 Be 1D spectra is shown in ͑a͒ and ͑b͒. Note that while the two species are well separated in the 19 F spectrum they are degenerate in the 9 Be spectrum. Spectra in ͑c͒ and ͑d͒ are of 9 Be acquired with the pulse sequence of Fig. 1 . The carrier frequencies were positioned at the centers of the BeF 3 Ϫ and BeF 4 2Ϫ multiplets, respectively. To enable a direct comparison the spectra ͑b͒-͑d͒ were acquired with identical acquisition parameters and are displayed with the same intensity scale. The ratio of the peak integrals in ͑b͒-͑d͒ is 1:0.7:1.7. Thus a factor of 2.4 sensitivity enhancement was achieved over the conventional pulse-acquire experiment. This value is less than the theoretical maximum as the transfer is affected by relaxation.
XI. CONCLUSIONS
We have shown that cross-polarization in solution state can be an efficient technique for the selective excitation of scalar coupled quadrupolar nuclei. Given the increasing im- portance of quadrupolar nuclei as probes of the local dynamics in structured environments it is likely that this technique will be applicable to a variety of systems in liquid state NMR.
